By measuring the electric field dependence of EPR spectra of the ferroelectric liquid crystalline (FLC) phase of (2S,5S)-1 confined in a surface-stabilized liquid-crystal cell, two magnetic bistable states were observed owing to the anisotropy in spin-spin dipole interactions responsible for the positive 'magneto-10 LC effects', which refer to the generation of a sort of spin glass-like ferromagnetic interactions (average spin-spin exchange interaction constant J > 0) induced by weak magnetic fields in the various liquid crystalline (LC) phases of nitroxide radical compound 1.
Introduction
Liquid crystalline (LC) phases are considered to be a sort of 15 'complexity' system consisting of nonequilibrium dynamic states due to the molecular motion and the coherent collective properties of molecules in the LC state. Therefore, they are sensitive to the external stimuli, such as temperature, pressure, and electric and magnetic fields, or additives like chiral dopants 20 so that the molecular orientation and LC superstructure can easily be altered. [1] [2] [3] [4] In this context, there still seems to be challenging and promising perspectives in developing organic soft materials which can show novel complex phenomena in response to external stimuli by making use of an LC environment. 25 Magnetic liquid crystals have been anticipated to exhibit unique magnetic interactions and unconventional magnetoelectric or magneto-optical properties. [5] [6] [7] [8] In fact, we observed that all-organic rod-like LC materials with a stable nitroxide radical unit in the central core portion exhibit unique intermolecular 30 ferromagnetic interactions induced by weak magnetic fields in the various LC phases, most likely owing to the swift coherent collective properties of organic molecules with structural anisotropy in the LC state. [9] [10] [11] [12] [13] [14] [15] This observation was interpreted in terms of the generation of a sort of spin glass-like inhomogeneous 35 ferromagnetic interactions (the average spin-spin interaction constant, J > 0) and proved to have nothing to do with the molecular reorientation effects arising from the simple molecular magnetic anisotropy (). 14 We referred to this unique magnetic phenomenon as positive 'magneto-LC effects' ( J > 0).
15 40 Among various all-organic magnetic LC compounds synthesized, (2S,5S)-1 exhibited a chiral smectic C (SmC*) phase between 84.5°C and 36.9°C in the cooling run (Fig. 1a) and showed both the excellent ferroelectric properties in a surface stabilized liquid-crystal cell [16] [17] [18] and the explicit ferromagnetic 45 interactions (positive magneto-LC effects, J > 0) in the bulk SmC* phase.
14 Therefore, it is expected that the unique magneto- electric coupling, which is observed for multiferroic materials possessing both ferroelectric and ferromagnetic properties, [19] [20] [21] may occur in the ferroelectric LC (FLC) phase of (2S,5S)-1 showing positive-magneto-LC effects. If the magneto-electric coupling were observed for (2S,5S)-1, the resulting magnetic as 5 well as electric bistable states would be utilized to develop magnetic data storage materials operable at ambient temperature. 22, 23 In this article, to clarify the relationship between the ferroelectric properties and positive magneto-LC effects of 10 (2S,5S)-1, we measured the electric field dependence of electron paramagnetic resonance (EPR) spectra of (2S,5S)-1 confined in a surface-stabilized liquid-crystal cell and thereby evaluated the EPR parameters such as g-value (g), paramagnetic susceptibility (para), and the peak-to-peak line width (Hpp). It is noteworthy 15 that EPR spectroscopy was found to be a much better means for the measurement of the temperature dependence of para for organic nitroxide radical LC compounds at high temperatures than SQUID magnetization measurement, 14, 15 because (i) the treatment of the diamagnetic susceptibility (dia) term, which is 20 temperature-dependent in LC phases, 24 is unnecessary, (ii) the experimental error is very small even at high temperatures, and (iii) the information on microscopic magnetic interactions such as spin-spin dipole and exchange interactions is directly available. 
Experimental

25
(2S,5S)-1 was introduced by capillary action into the lower tip (4 mm x 4 mm area) of a handmade long 4 m-thick sandwich cell (50 mm x 5 mm) in which the inner surfaces of two glass substrates with indium tin oxide (ITO) electrodes were coated with polyimide (Fig. 1b) . Only one inner surface in the cell was 30 rubbed horizontally ten times using a velvet roller, because the rubbing of both inner surfaces induced too strong surface anchoring effects so that the ferroelectric switching was fairly disturbed. The use of this cell did not affect the Q-factor seriously. The use of a cylindrical TE011 mode cavity allowed us to 35 disregard the microwave phase and/or Q-factor variations which may arise from the electric-field-induced molecular alignment in the surface-stabilized liquid-crystal cell. The lower tip of the liquid-crystal cell was inserted into the EPR cavity for the following measurement (Fig. 1b) . 40 The temperature or electric field dependence of EPR spectra was measured at a magnetic field of 0.33T. The magnetic data are the mean values of five measurements at each temperature or electric field. Mn 2+ /MgO was used as a standard. The EPR spectra obtained were Lorentzian in a range of electric fields between 45 +25V and -25V (Fig. S1 ).
To know whether the application of electric fields produces any artifact on EPR spectra, (±)-1 which showed an achiral smectic C (SmC) phase between 84.4°C and 51.2°C in the cooling run (Fig. 1a) 14 was loaded on the same thin sandwich cell 50 and the electric field dependence of the EPR spectra was measured between +25V and -25V at 80°C. As expected, no ferroelectric switching was noted and the g values were almost constant at 2.0052, showing no electric field dependence (Fig.  S2a) . Furthermore, no significant change in Hpp was noted, too 55 ( Fig. S2b) . Thus, it has been confirmed that no artifact on EPR spectra is produced by application of electric fields between +25V and -25 V at 80°C. Methodologically speaking, it should be emphasized that the use of two bistable states enables the interconversion between 60 two molecular orientations by application of electric fields, without rotating the LC cell in the EPR cavity, which would make the accurate evaluation of the change in para or Hpp difficult. 26, 27 3. Results and discussion 65
Polarized Optical Microscopy (POM)
We confirmed the smooth ferroelectric switching in the handmade liquid-crystal cell of (2S,5S)-1 by POM at 75 ºC; the dark fan-shaped texture dominated at +25V, indicating the alignment of the molecular long axis parallel to the analyzer (Fig.   70 2a). By application of an electric field of -25V, the dark texture turned to a light one, in which the molecular long axis is parallel to the rubbing direction but not to either polarizer or analyzer (Fig. 2b) . 16 Furthermore, the clockwise rotation of the LC cell by +26º at -25V made the molecular long axis parallel to the polarizer and rubbing direction, giving again a dark texture (Fig.  2c) . These results indicate that the LC phase of (2S,5S)-1 in the thin sandwich cell can take two bistable states by changing the polarity of electric field. The tilt angle of (2S,5S)-1 estimated 5 from POM observation was 31º, which was consistent with the reported value.
16,17
EPR Measurement
The sample (2S,5S)-1 of 65% ee was employed because it showed the best ferroelectric behavior between +25 V and -25 V, 10 whereas the samples with higher ee values lost the ferroelectric memory effect at 0 V due to its inherently strong winding property in this one-surface rubbed liquid-crystal cell. For the measurement of the temperature dependence of EPR spectra, a magnetic field of 0.33T was applied parallel (Configuration A, To confirm the generation of the positive magneto-LC effects and the molecular orientation in the surface-stabilized liquid-crystal cell, the temperature dependence of EPR spectra was measured for (2S,5S)-1 in the cell between 30 and 120°C.
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Previously, we reported that para could be derived from the Bloch equation 28 by using the EPR parameters, such as g, and Hpp, and maximum peak height (I' m and -I' m) (eq 1).
where B is the Bohr magneton, h is Planck's constant, is the 35 frequency of the absorbed electromagnetic wave, and H1 is the amplitude of the oscillating magnetic field. 14, 15 Here, the temperature dependence of relative paramagnetic susceptibility (rel,T) is defined as
where 0 is the standard value at 30 °C.
Although rel,T -T plots obeyed the Curie-Weiss law in the Cr phase below 30°C, the distinct rel,T increase by 0.27 or 0.28 was noted in case of Configuration A or B, respectively, at the Cr-to-FLC phase transition in the heating run ( Fig. 3a and d) . The 45 extent of this rel,T increase was almost identical to that in the bulk sample, 14 strongly suggesting the generation of positive magneto-LC effects in the surface stabilized liquid-crystal cell, too, in which a multi-domain structure is assumed. In the cooling run, the rel,Tincreased with decreasing temperature, and 50 abruptly decreased at the FLC-to-Cr phase transition ( Fig. 3a and   d) . Furthermore, the rel,T increase at the Cr-to-FLC phase transition in the heating run was accompanied by the Hpp increase ( Fig. 3b and e) , implying the preferential generation of more stable ferromagnetic head-to-tail spin-spin dipole 55 interactions than antiferromagnetic side-by-side ones (see Fig. 5c ), as was observed in case of the bulk sample.
14 Non-linear change in Hpp and g-value in the Cr phase in the heating run is most likely due to the Cr-to-Cr polymorphic transition, which was also observed in the bulk sample. For the molecular orientation, we could not observe a significant change in the g-value in the vicinity of the Cr-to-FLC phase transition temperature in the heating run ( Fig. 3c and f) . This is most likely due to the strong anchoring effect by the rubbed cell surface. Accordingly, it has been confirmed that the 65 positive magneto-LC effects observed in the liquid-crystal cell have nothing to do with the molecular reorientation effect arising from the simple molecular magnetic anisotropy (). Meanwhile, in the cooling run, the g-value in the FLC phase was constant at around 2.0056 or 2.0073 in case of Configuration A or B, 70 respectively ( Fig. 3c and f) . Since the g// and g⊥ values of 1 were previously calculated to be 2.0054 and 2.0068, respectively (Fig.  1c) , 29 the experimental g-values of 2.0056 and 2.0073 should be attributed to a large contribution of g// and g ⊥ , respectively, indicating that the molecular long axis is parallel to the rubbing direction and the magnetic field in case of Configuration A, and perpendicular to the magnetic field in case of Configuration B, despite the multi-domain structure.
Electric field dependence of g-value in a surface stabilized liquid-crystal cell.
The existence of two bistable states was also confirmed by evaluating the electric field dependence of g-value at a magnetic field of 0.33T. 10 In case of E⊥H0, the g-value of (2S,5S)-1 exhibited a hysteresis loop between +25V and -25V (Fig. 4a) . Upon gradual application of the electric field from +25V to -25V (open circles), the gvalue of (2S,5S)-1 was constant at around 2.0064 (+25V to -2V), then decreased (-2V to -15V), and finally became constant at 15 around 2.0057 (-15V to -25V). Upon reverse application of the electric field from -25V to +25V (closed circles), the g-value of (2S,5S)-1 was constant at around 2.0057 (-25V to 0V), then increased (0V to +15V), and became constant at around 2.0063 (+15V to +25V). Based on the g// (2.0054) and g⊥ (2.0068) of 1 20 ( Fig. 1c) , 29 the g-value (2.0057) at -25V is most likely to reflect a large contribution of g//, suggesting that the molecular long axis of (2S,5S)-1 aligns almost parallel to the magnetic field (Fig. 5a) . Reduction of the electric field to 0 V did not change the molecular orientation owing to its sufficient ferroelectric memory 25 effect. On the other hand, the g-value (2.0063) at +25V indicates that the molecular long axis of (2S,5S)-1 is fairly tilted from the direction of the magnetic field (Fig. 5b) . Thus, (2S,5S)-1 has proved to take two bistable states between +25V and -25V in the surface-stabilized liquid-crystal cell.
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In contrast, in case of E//H0, the g-value did not show a hysteresis loop between +25V and -25V (Fig. 4d) . Since the molecular long axis is almost perpendicular to the applied magnetic field, the g-value showed a large contribution of g ⊥. To evaluate the influence of applied electric fields on the positive magneto-LC effects in the FLC phase of (2S,5S)-1, the electric field dependence of the relative paramagnetic susceptibility 40 (rel,E), which is defined as
where 1 is the standard value at the initial potential of +25V, was plotted.
In case of E⊥H0, the electric field dependence of rel,E showed a 45 hysteresis loop between +25V and -25V (Fig. 4b) ; the rel,E increased with decreasing g-value from 0V to -10V and decreased with increasing g-value from 0V to +10V. These results suggest the existence of anisotropy in the magnetic interactions (or the positive magneto-LC effects) in the surface-50 stabilized liquid-crystal cell.
To gain an insight into the difference in the magnetic interactions between +25V and -25V, the electric field dependence of Hpp was compared with that of rel,E (Fig. 4b,c) . The Hpp drew a hysteresis loop similar to that of rel,E.
55
The Hpp is known to reflect the following two competing factors, (a) spin-spin exchange interaction and (b) spin-spin dipole interaction. If the rel,E change results from the spin-spin exchange interaction, the experimental Hpp would decrease with increasing rel,E. However, the observed Hpp increased or 60 decreased with increasing or decreasing rel,E, respectively. This result suggests that the electric field dependence of rel,E should primarily arise from the change in the spin-spin dipole interaction. There are two types of spin-spin dipole interactions; one is a head-to-tail type and the other is a side-by-side type (Fig. 5c ).
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Since the ferromagnetic head-to-tail dipole interaction is energetically more stable than the antiferromagnetic side-by-side dipole interaction and other two, it is easily envisaged that two interacting spins should take different head-to-tail configurations at -25V and +25V in the FLC phase of (2S,5S)-1 ( Fig. 5a and b) ; 70 the spin-spin dipole interaction at -25 V was stronger than that at +25V, leading to a higher rel,E value at -25V than that at +25V (Fig. 4b) . As the spin-spin dipole interactions contribute to the Figure 4 . Electric field dependence of g-value, rel,E, and Hpp for the FLC phase of (2S,5S)-1 (65% ee) confined in a thin rubbed sandwich cell at 75°C by EPR spectroscopy at a magnetic field of 0.33 T. The magnetic field was applied (a-c) perpendicular to the electric field and parallel to the rubbing direction and (d-f) parallel to the electric field and perpendicular to the rubbing direction. Open and filled circles represent the application of electric fields from +25V to -25V and from -25V to +25V, respectively. formation of the spin easy axis, 31 these results have proved the existence of spin easy axis along the molecular long axis in the FLC phase of (2S,5S)-1.
Interestingly, however, the rel,E decreased from +10V to 0V in Fig. 4b . This anomalous behavior cannot be explained simply by 5 either the spin-spin dipole interactions or the molecular reorientation effects, because during the same electric field change the Hpp increased and the g-value was almost constant (Fig. 4a,c) . This Hpp increase seems to correspond to the decrease in spin-spin exchange interaction. Although in case of 10 E⊥H0 the g-value was constant from +10V to 0V (Fig. 4a) , it slightly decreased from 2.0072 to 2.0071 in case of E//H0 during the same electric field change. This result indicates that a molecular or director fluctuation gradually increases in the FLC layer with decreasing electric field, although the overall 15 molecular orientation is maintained even at 0V. This slight molecular fluctuation might be responsible for the anomalous behavior in rel,E. Further studies are necessary to clarify this assumption.
In case of E // H0, the rel,E and Hpp did not show a hysteresis 20 loop and were almost constant (Figure 4e and f) , because the molecular long axis is always perpendicular to the magnetic field.
Conclusions
For the first time we evaluated the influence of the electric fields on the positive magneto-LC effects in the FLC phase of (2S,5S)-1 25 confined in a surface-stabilized liquid-crystal cell by measuring the electric field dependence of the EPR spectra. Consequently, by application of electric fields between +25V and -25V, two magnetic bistable states were observed. The measurement of electric field dependence of Hpp indicated that the anisotropy in 30 spin-spin dipole interaction was responsible for the magnetic bistable states; strong spin-spin dipole interactions were observed when the magnetic field was applied parallel to the molecular long axis. Such unique magnetic properties may be applicable to the development of magnetic data storage materials operable at 35 room temperatures.
Furthermore, we observed an anomalous magnetic behavior during the electric field change from +10V to 0V, which can be explained by the slight molecular fluctuation occurring under low electric fields. This anomalous magnetic behavior may be 
